is cytosolic or nuclear, is unknown. It is possible, however, that splicing of HAC1 mRNA is a nuclear event because tRNA ligase is localized to the nucleus (Clark and Abelson, 1987) . Thus, if the C-terminal half of Ire1p is in the cytosol, then activated Ire1p molecules must somehow enter the nucleus to participate in splicing. Ire1p might migrate to the nucleus after its biosynthesis or upon activation of the UPR. There is currently no precedent, however, for a membrane protein with a large cytoplasmic domain to move within the plane of the membrane through nuclear pores. Another possibility is that a fragment of Ire1p is proteolytically severed from the ER membrane upon UPR induction. This fragment could then migrate as a soluble protein into the nucleus to participate in splicing. A precedent for this latter mechanism is found in the pathways controlling sterol biosynthesis (reviewed by Brown and Goldstein, 1997) and Notch signaling (reviewed by Chan and Jan, 1998).
Here we provide experimental support for the hypothesis that the unusual features of the yeast UPR pathway are conserved. In mammalian cells, we expand upon the mechanism characterized in yeast to suggest that 
Mammalian Cells Can Carry out the Nonconventional Splicing of Yeast HAC1 mRNA

No endogenous substrates of mammalian Ire1 isoforms
The 370 bp band was also produced from transfectants treated with another UPR-inducing agent, the rehave been identified; thus, to ask whether regulated mRNA splicing also plays a role in the mammalian UPR, ducing agent 2-mercaptoethanol ( Figure 1B , lane 5), but not from heat-shocked cells ( Figure 1B, lane 3 ), indicatwe tested whether the unusual intron contained in yeast HAC1 mRNA can be processed in mammalian cells. To ing that HAC1 mRNA splicing is dependent upon UPR induction and is not a result of general stress. Taken this end, we transfected HeLa cells with a mammalian expression plasmid containing the yeast HAC1 gene together, these results strongly suggest that the nonconventional splicing mechanism, which is the key step ( Figure 1A ). The UPR was induced by addition of the glycosylation inhibitor tunicamycin, and 4 hr later, cDNA in regulation of the yeast UPR, is conserved in higher eucaryotes. was prepared by reverse transcription. cDNAs from both UPR-induced and -uninduced cells were then examined for splicing of HAC1 RNA by PCR analysis using primers Both hIre1␣ and hIre1␤ Are Active Nucleases that Cleave the Yeast HAC1 mRNA Intron flanking the HAC1 intron. As seen in Figure 1B (lane 2), cDNA from uninduced transfectants yielded a product
The strong amino acid conservation of the kinase and nuclease domain of hIre1␣ and hIre1␤ with yeast Ire1p of the size corresponding to unspliced HAC1 cDNA. In contrast, cDNA from tunicamycin-treated cells prosuggests that these proteins may participate in the HAC1 mRNA splicing reaction observed in HeLa cells. duced an additional PCR product of 370 bp ( Figure 1B , lane 4), the expected size for spliced HAC1 cDNA. NeiTo characterize the enzymatic activities of the two human Ire1p isoforms, we expressed in baculovirus soluther PCR product was produced from cDNAs prepared from induced or uninduced nontransfected cells (Figure  ble His6 -tagged versions of both hIre1␣ and hIre1␤ containing the kinase and nuclease domains, including the 1B, lane 1, and data not shown). DNA sequencing of the 370 bp band after cloning confirmed that it was derived linker region between the transmembrane and kinase domains. Purification using cobalt affinity chromatografrom accurately spliced HAC1 RNA. We confirmed these results by transfecting HeLa cells with a HAC1 construct phy yielded major bands on SDS-PAGE of the predicted sizes of 59 kDa and 54 kDa for hIre1␣(LKT) and that was uniquely marked by a 3-nucleotide change in the 5Ј exon (not shown). This control ascertained that hIre1␤(LKT), respectively ( Figure 2A, lanes 2 and 1, Figure 2B (lanes 2 and 3), both proteins cleaved HAC1 508 RNA to produce discrete bands that are the same size as those present in a reaction containing yeast Ire1p ( Figure 2B, lane 4) . These observations suggest that the two hIre1 isoforms are highly specific endoribonucleases.
Recently, an efficient in vitro system utilizing mini stem-loop substrates containing either the 5Ј or 3Ј cleavage sites was developed that faithfully reconstitutes cleavage by yeast Ire1p (Gonzalez et al., 1999) . Both hIre1(LKT) isoforms cleave the 5Ј ( Figure 2C , lanes 2 and 3) and the 3Ј splice junction stem-loop structures ( Figure 2D, lanes 2 and 3) , yielding products of the same size as those obtained with yeast Ire1p (Figures 2C and  2D, lane 4) . Because this assay has single nucleotide resolution, we can conclude that cleavage at both splice junctions is precise.
When comparing the efficiency of cleavage, we consistently observed that, relative to yeast Ire1p, both hIre1(LKT) isoforms cleave the 5Ј splice junction more efficiently than the 3Ј splice junction (compare lanes 2 and 3 in Figure 2C with lanes 2 and 3 in Figure 2D ), explaining the lack of accumulation of the [5Ј exon ϩ intron] intermediate in the cleavage reaction of HAC1 508 RNA ( Figure 2B, lanes 2 and 3) . Taken together, the data presented unambiguously show that both hIre1␣(LKT) and hIre1␤(LKT) are active endoribonucleases that can cleave both splice junctions of yeast HAC1 mRNA with specificity. hIre1␣(LKT) and hIre1␤(LKT) are therefore strong candidates to participate in the splicing of yeast HAC1 mRNA described above, which in turn supports the notion that a similar RNA splicing event plays a role Figures 3C and 5A) . Thus, the hIre1␣ and used in this assay showed strong background bands in hIre1␤ staining patterns of the S2P mutant cells resemthe molecular weight region of the Ire1 fragment that is ble those of COS1 cells. These results suggest that S2P seen by the avidin detection system, we were unable protease is not involved in UPR-induced hIre1 cleavage to confirm by Western blotting that PS1 Ϫ/Ϫ cells fail to and concomitantly confirm the UPR-dependent nuclear produce UPR-induced proteolytic hIre1 fragments. localization of hIre1 in a different cell line.
Another protease that cleaves type-1 transmembrane proteins to release cytosolic fragments is ␥-secretase. 
hr and stained with anti-hIre1␣ (upper panels), anti-hIre1␤ antibodies (middle panels), or anti-mp30 antibodies (lower panels). (D) Quantitation of immunofluorescence was carried out as described in Figure 3. (E) Northern analysis of BiP and GAPDH mRNAs in both PS1
ϩ/ϩ (lanes 1-5) and PS1 Ϫ/Ϫ cells (lanes 6-10), treated with tunicamycin for the indicated amount of time, was performed as described in Figure 3E . We consistently observed that a fraction of uninduced cal substrates of PS1. The reduced ability to mount a UPR or other roles of Ire1 could be major contributing cells displayed nuclear staining and, consistent with this finding, that a portion of both hIre1 isoforms was proteofactors to the inviability of PS1 Ϫ/Ϫ mutant mice. Thus, our results point at another potentially important function lyzed. We do not know why the cell population is heterogeneous in this respect or why this basal level of nuclear for PS1 in normal cell physiology and raise additional concerns about the potential toxicity of nonselective Ire1 accumulation is not sufficient to mount the UPR or splice yeast HAC1 mRNA. If Ire1 is processed by differ-␥-secretase inhibitors for the treatment of Alzheimer's disease. ent mechanisms in UPR-induced and uninduced cells, it is possible that the resulting nuclear forms differ, possibly in their oligomerization or phosphorylation states Possible Implications of the Link between the UPR or cleavage sites, which could affect their activities. and Alzheimer's Disease Indeed, the UPR-dependent increase in nuclear localizaOur results suggest that misfolding of proteins in the tion, but not the basal level observed in uninduced cells, ER leads to increased proteolysis of Ire1 by a PS1-is impaired by PS1 depletion. Thus, the mechanisms of dependent pathway. This raises the question whether nuclear hIre1 accumulation in UPR-induced and uninother substrates of this proteolytic system, such as APP duced cells may be distinct. and/or Notch, are also cleaved at an increased rate when the UPR is induced. Interestingly, it was suggested in a concurrent study that ATF6 is also synthesized as an Role of PS1 in UPR Induction and in UPR-Dependent ER transmembrane protein that becomes cleaved and Nuclear Localization of Ire1 Fragments enters the nucleus upon induction of the UPR (Haze et The role of PS1 in proteolytic cleavage of other transal., 1999). These observations suggest that processing membrane proteins prompted us to test its involvement of ATF6 and Ire1 could be coordinated, possibly both in hIre1 proteolysis. We found that PS1 Ϫ/Ϫ cells are rebeing carried out by ␥-secretase. This putative crossduced in their ability to mount a UPR, with a reduction talk could be explained by either of the two pathways in nuclear accumulation of both hIre1 isoforms. The simshown in the model in Figure 6 . Ire1-dependent activaplest explanation for these observations is that a defect tion of ␥-secretase might directly lead to increased proin UPR-induced proteolytic processing of Ire1 impairs cessing of other substrates, including ATF6 ( and stored in PBS containing 50% glycerol. mg/ml and diluted before use. Treatment with ␤-mercaptoethanol (Sigma) (15 mM) was for 4 hr, and cells were grown at 42ЊC for 3 hr for heat shock treatment.
Western Blot Analysis Cell extracts were prepared by lysing cells directly into hot SDSReverse Transcription and PCR containing buffer as described (Erickson and Blobel, 1979) and anaTotal RNA was pretreated with DNaseI to eliminate residual genomic lyzed on either 12.5% or 8% SDS polyacrylamide gels. The Western DNA and/or transfected plasmids. First strand cDNA was syntheblots were performed using the biotin/streptavidin system (Vector sized by incubating total RNA with MMTV reverse transcriptase at Laboratories, Burlingame, CA), following the manufacturer's instruc-37ЊC for 1 hr using oligo-dT as primer (GIBCO-BRL). The resulting tions. It was necessary to use this highly amplified system; no signal cDNA was then subjected to PCR using primers complementary to was detected using more conventional enhanced chemiluminesthe 5Ј and 3Ј exon and analyzed on a 1% agarose gel and stained cence techniques. with ethidium bromide. The PCR products were excised from the agarose gel and cloned using the TA cloning kit (Invitrogen, San Diego, CA). Four independent clones were sequenced.
Indirect Immunofluorescence Microscopy Cells (3 ϫ 10 3 ) were seeded on to 8-well panorama slides 12 hr prior to performing experiments. Cells were incubated with or without Baculovirus Expression and Purification of hIre1␣(LKT) and hIre1␤(LKT) tunicamycin at the final concentration of 10 g/ml for the indicated amount of time. Cells were then washed with warm PBS and fixed Expression of hIre1␣(LKT) and hIre1␤(LKT) was performed as described in BAC-TO-BAC baculovirus expression systems (GIBCOwith 2% formaldehyde in PBS for 10 min at room temperature. Cells were blocked with PBS containing 10% fetal bovine serum, BRL). Insect SF-9 cells were grown in serum-free Sf-900 II SFM media at 28ЊC in Erlenmeyer flasks shaking at 100 rpm. The bacmid permeabilized with 0.1% saponine, and incubated with the primary antibody diluted in the blocking buffer for 1 hr at room temperature. DNAs corresponding to each plasmid were transfected into Sf9 cells, and then the virus was amplified two more times (at low MOI) Affinity purified anti-hIre1␣ and anti-hIre1␤ were diluted to 6 ng/ml and 2.5 ng/ml, respectively. Cells were washed three times in the before infection of Sf9 cells (at high MOI) for expression. Cells were lysed in 50 mM Tris, pH 8.5, 1 mM PMSF, 1% Triton X-100, sonicated, blocking solution and then incubated with FITC-conjugated antirabbit antibody (Jackson ImmunoResearch) diluted 1:300 for addiand centrifuged at 100,000 ϫ g. hIre1␣(LKT) and hIre1␤(LKT) contained N-terminal His6 tags and were purified using Pharmacia Hitional 1 hr. Final washes were carried out with PBS without saponine. Anti-lamin A/C antibody (a kind gift from Dr. Larry Gerace) was used Trap cHeLating columns loaded with 0.2 M CoCl 2 . The extracts were diluted in 50 mM NaPhosphate pH 8, 300 mM NaCl, and 10% glycerol at the dilution of 1:2000 with rhodamine anti-guinea pig antibody 
